HIV-1 attenuation resulting from immune escape mutations selected in Gag may contribute to slower disease progression in HIV-1-infected individuals expressing certain HLA class I alleles. We previously showed that the protective allele HLA-B*81 and the HLA-B*81-selected Gag T186S mutation are strongly associated with a lower viral replication capacity of recombinant viruses encoding Gag-protease derived from individuals chronically infected with HIV-1 subtype C. In the present study, we directly tested the effect of this mutation on viral replication capacity. In addition, we investigated potential compensatory effects of various polymorphisms, including other HLA-B*81-associated mutations that significantly covary with the T186S mutation.
C ertain HLA class I alleles are strongly and consistently associated with slower human immunodeficiency virus type 1 (HIV-1) disease progression (7, 23) . For example, HIV-1 subtype C-infected African individuals expressing HLA-B*57, HLA-B*5801, or HLA-B*81 have significantly lower viral loads and/or higher CD4 counts (18, 19) . Understanding the mechanisms underlying this advantage may have implications for HIV-1 vaccine design.
Previous studies have reported significant viral fitness costs associated with specific immune escape mutations in HIV-1 Gag CD8 ϩ T cell epitopes that are restricted by clinically favorable HLA alleles (5, 9, 10, 20, 31) . Immune-mediated HIV-1 attenuation may therefore represent one mechanism underlying the protective effects of certain beneficial HLA alleles. However, studies investigating protective mechanisms and immune-driven fitness costs have focused largely on the HLA-B*57, HLA-B*5801, or HLA-B*27 alleles. Recently, we demonstrated that in chronic HIV-1 subtype C infection, the clinically favorable allele HLA-B*81 is strongly associated with a reduced replication capacity of recombinant viruses encoding patient-derived Gag-protease sequences (16, 35) . In these sequences, the HLA-B*81associated T186S mutation in the HLA-B*81-restricted TL9 CD8 ϩ T cell epitope (HXB2 Gag codons 180 to 188) was strongly correlated with reduced virus replication (16, 35) . This suggests that HLA-B*81mediated selection pressure on Gag can attenuate HIV-1 replication, which may explain in part the clinical benefit of HLA-B*81. However, the direct effect of the T186S mutation on HIV-1 replication capacity has yet to be confirmed using site-directed mutagenesis studies.
For many CD8 ϩ T cell escape mutations, secondary mutations that fully or partially compensate for replicative costs of escape at the primary site have been described (5, 10, 31, 33) . In patientderived sequences, we previously identified several polymorphisms that positively covaried with the T186S mutation and/or negatively covaried with the consensus 186T residue (35) . Among HIV-1 sequences harboring the T186S mutation, there was no statistically significant relationship between the number of covarying residues and HIV-1 replication capacity (35) . However, further exploration revealed that viruses harboring the HLA-B*81associated Q182S and/or T190X polymorphisms replicated significantly better than those with the T186S mutation alone, highlighting these polymorphisms as the most likely candidates for compensatory mutations. The extent to which these polymorphisms may potentially compensate for the T186S mutation has yet to be confirmed and quantified directly using site-directed mutagenesis studies.
In the present study, we directly tested the effect of the HLA-B*81-associated T186S mutation on HIV-1 replication capacity through introduction of this mutation into the laboratoryadapted HIV-1 NL4-3 reference strain, as well as patient-derived viral subtype C Gag-protease sequences, by site-directed mutagenesis. The replication capacities of the mutant viruses were assayed in a green fluorescent protein (GFP) reporter T cell line, as previously described (6, 22, 35) , or by the measurement of reverse transcriptase (RT) activity in the culture supernatants. In addition, various polymorphisms covarying with the T186S mutation, in particular the HLA-B*81-associated Q182S and T190A/I mutations (35) , were introduced into subtype B and C viral backbones, and the replication capacities of these constructs were assessed. The results confirmed a profound fitness cost conferred by the T186S mutation and suggest that compensation of this defect is complex and may be suboptimal in general. Gag mutations T186S,  Q182S, T190A, T190I, T186S/Q182S, T186S/T190A, and T186S/T190I were engineered into the HIV-1 subtype B NL4-3 plasmid (pNL4-3) by use of a QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) and custom-designed mutagenesis primers (Table 1 ). In addition, since these mutations are relatively rare in subtype B sequences, they were similarly introduced using custom-designed mutagenesis primers (Table 1) into a patient-derived subtype C HIV-1 Gag-protease sequence (SK-254; GenBank accession number HM593258) chosen for its high amino acid similarity (96.4%) to the consensus subtype C Gag-protease sequence (35) . Prior to site-directed mutagenesis of the SK-254 Gagprotease, the SK-254 gag-protease amplicon was purified (PCR purification kit; Qiagen, Valencia, CA) and cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA) per the manufacturer's instructions, and the resulting clone was purified using a plasmid DNA maxiprep kit (Qiagen). As an additional experiment, the T186S mutation was introduced into 6 different HIV-1 subtype C gag sequences (GenBank accession numbers FJ606176, FJ606180, FJ606254, FJ606288, FJ606318, and JQ219842) derived from recently infected treatment-naïve individuals from the Zambia Emory HIV Research Project (12) and cloned into the MJ4 plasmid, an infectious HIV-1 subtype C molecular clone derived from a primary isolate (24) . For all constructs, DNA sequencing was performed to confirm the presence of introduced mutations.
MATERIALS AND METHODS

Site-directed mutagenesis of HIV-1 NL4-3 sequence and patientderived HIV-1 gag-protease sequence (SK-254).
Virus generation and assay of mutant NL4-3 sequences and mutant, patient-derived (SK-254) Gag-protease sequences in an HIV-1 subtype B NL4-3 backbone. To generate mutant recombinant viruses, mutated SK-254 gag-protease was amplified using 100-mer primers complemen-tary to NL4-3 on either side of gag-protease, followed by cotransfection of GFP reporter GXR cells with the PCR product and gag-protease-deleted pNL4-3 via electroporation, as previously described (22, 35) . Similarly, the mutated NL4-3 plasmid was transfected into GXR cells via electroporation to generate NL4-3 mutant viruses. Virus growth was monitored by flow cytometry to detect GFP-expressing HIV-1-infected cells. Supernatants were harvested when cultures were approximately 30% infected, and virus stocks were stored at Ϫ80°C.
NL4-3 and NL4-3/SK-254-Gag-protease mutant viruses were titrated and assayed in GFP reporter GXR cells as previously described (5, 22, 31) . GXR cells were infected at a multiplicity of infection (MOI) of 0.003. Replication capacities were expressed relative to the exponential slope of growth from days 3 to 6 of the relevant wild-type control (NL4-3 or NL4-3/SK-254), such that a replication capacity of 1.0 indicated replication equal to that of the wild type. Assays were performed at least in triplicate, and results were averaged.
Virus generation and assay of mutant, patient-derived (SK-254) Gag-protease sequences in an HIV-1 subtype C MJ4 backbone. To measure the effect of the various mutations on replication capacity in a purely subtype C background, the mutated SK-254 gag sequences (as well as the 6 patient-derived subtype C gag sequences) were cloned into the HIV-1 subtype C MJ4 plasmid (24) . PCR was performed to amplify the mutated SK-254 gag gene from TOPO vector/SK-254-gag-protease by use of a Phusion hot start polymerase kit (Fisher, Pittsburgh, PA) and the following primers designed to introduce a BclI restriction site (in bold) at the 3= end of gag: 5= AGG CTA GAA GGA GAG AGA TG 3= (HXB2 nucleotides 776 to 792) and 5= TCT ATA AGT ATT TGA TCA TAC TGT CTT 3= (Bcl1Rev; HXB2 nucleotides 2420 to 2446). The MJ4 5= long terminal repeat (LTR), containing an NgoMIV restriction site at the 5= end, was amplified using the following primers: 5= CGA AAT CGG CAA AAT CCC 3= (MJ4For1b; MJ4 vector sequence) and 5= CCC ATC TCT CTC CTT CTA GC 3= (HXB2 nucleotides 775 to 794). The 5= end of the purified SK-254 gag PCR product was then joined to the 3= end of the MJ4 LTR fragment by splice overlap extension (SOE) PCR using primers MJ4For1b and Bcl1Rev. Following purification of the MJ4 LTR-gag product, this product and the MJ4 vector were both digested with NgoMIV (Roche, Indianapolis, IN) and BclI (Roche). The MJ4 LTR-gag insert was then ligated into the vector at a 3:1 ratio, using T4 ligase (Roche). JM109 competent bacteria were transformed with the ligation products, and the MJ4/SK-254 gag plasmid was purified using a Qiagen miniprep kit.
MJ4/SK-254-Gag mutant virus stocks were generated by transfection of 293T cells with mutated MJ4/SK-254-gag plasmids according to published protocols (2) . Briefly, 293T cells at approximately 70% confluence were in- (2). Following titer determination of virus stocks, experiments were performed to assess viral replication capacity in GFP reporter GXR cells (0.5 ϫ 10 6 ) by measurement of RT activity in culture supernatants as previously described (2) . Briefly, GXR cells were infected at an MOI of 0.05, culture supernatants were collected and stored at Ϫ80°C on days 2, 4, 6, and 8, and the cells were split 1:2 and then replaced with an equal volume of fresh medium. The levels of RT activity in collected supernatants for each virus were determined by an RT-mediated DNA synthesis reaction using radiolabeled dTTP, followed by measurement of radioactivity. Replication capacity was calculated as the slope of the exponential increase in RT activity from days 2 to 8, using the semilog method in Excel. The replication capacity of each virus was normalized to the growth of the MJ4 recombinant virus containing the wild-type SK-254 gag sequence. RT replication capacity assays were performed in duplicate in 3 independent experiments, and results were averaged. Data analysis. Since repeated measurements for the same mutant or wild-type virus are not considered independent observations from a statistical perspective, statistical tests were not applied to compare the replication capacities of mutant and wild-type viruses. Instead, the replication capacities of mutant viruses compared to the wild type are reported as percent differences.
RESULTS
Replication capacities of mutant NL4-3 sequences and mutant, patient-derived (SK-254) Gag-protease sequences in an HIV-1 subtype B NL4-3 backbone.
We previously demonstrated that the HLA-B*81-associated T186S polymorphism in the Gag TL9 epitope is strongly associated with a reduced replication capacity for viruses carrying patient-derived HIV-1 subtype C sequences (35) . Therefore, in the present study, site-directed mutagenesis was performed to confirm and directly measure the fitness cost of the T186S mutation. In addition, since patient-derived viral sequences harboring the T186S mutation alongside either a Q182S or T190X mutation displayed a significantly higher replication capacity than those harboring the T186S mutation alone (35) , the following mutations were introduced alone and in combination into HIV-1 Gag-protease to assess their potential role as compensatory mutations for the T186S mutation: Q182S, T190A, T190I, T186S/Q182S, T186S/T190A, and T186S/T190I. The T190A and T190I polymorphisms represented the most commonly observed residues at this position in the patient-derived subtype C sequences; hence, these specific polymorphisms were tested. Interestingly, residues 182, 186, and 190 are all positioned on the same face of helix 3 in the Gag p24 structure, which would allow these residues to interact (32) ( Fig. 1) .
Recombinant virus stocks were generated successfully for all mutation combinations engineered into the laboratory-adapted NL4-3 subtype B strain. All NL4-3 mutant viruses displayed lower replication capacities (68 to 84% of wild-type levels), with the exception of the Q182S mutant, which replicated to 95% of wildtype levels (Fig. 2) . The NL4-3 T186S/Q182S mutant replicated to the same levels as the T186S mutant (68 to 70% of wild-type levels), while the T186S/T190A and T186S/T190I mutants replicated 8 to 16% faster than the T186S and T186S/Q182S mutants but 16 to 22% slower than the wild type ( Fig. 2) .
Due to the fact that these HLA-B*81-associated mutations were initially identified in patient-derived HIV-1 subtype C sequences, they were next introduced into a patient-derived subtype C Gag-protease sequence (SK-254) closely resembling the consensus subtype C sequence. In order to generate replicating virus stocks, the SK-254 Gag-protease was inserted into an HIV-1 NL4-3 subtype B backbone by a homologous recombination approach (22, 35) . Notably, the T186S, T186S/Q182S, and T186S/ T190A mutations in the NL4-3/SK-254 background failed to yield replicating virus stocks. Replication-competent virus stocks were generated successfully for the remaining NL4-3/SK-254 mutants, i.e., the Q182S, T190A, T190I, and T186S/T190I mutants; however, their replication capacities were 11 to 30% lower than that of the wild-type virus (Fig. 3) . The NL4-3/SK-254 Q182S mutant replicated to 70% of wild-type levels (Fig. 3) , while in contrast, the NL4-3 Q182S mutant had a similar replication capacity to that of wild-type NL4-3 (Fig. 2) .
The failure to generate NL4-3/SK-254 mutant viruses containing the T186S mutation, with the exception of the T186S/T190I mutant, indicated a profound deleterious effect of the T186S mutation, with partial compensation mediated by the T190I mutation. This was largely consistent with data generated in the NL4-3 background, which showed that mutations at codon 190 rather than the Q182S mutation may partially, although weakly, compensate for the fitness cost of the T186S mutation. It should be noted, however, that the observed fitness cost of the T186S mutation and the compensatory effect of the T190X mutation in NL4-3 were modest compared with the same substitutions introduced into an NL4-3/SK-254 background. Another notable difference between the virus backbones was the slightly improved replication of the T186S/T190A mutant compared with the T186S/T190I mutant in NL4-3 (Fig. 2) , while in the NL4-3/SK-254 background, replicating stocks of the T186S/T190A mutant were not generated successfully (Fig. 3) .
Replication capacities of mutant, patient-derived (SK-254) Gag-protease sequences in an HIV-1 subtype C MJ4 backbone. The introduction of HLA-B*81-associated Gag mutations into a subtype B laboratory strain and then into a subtype B/C Gagprotease recombinant virus may not be sufficient to fully reveal the implications of these polymorphisms in a subtype C context. Variants at Gag residues 182, 186, and 190 were rare in HIV-1 subtype B viruses from a North American cohort (each present at Ͻ1.5%) (4). Moreover, discordant results obtained for the Q182S mutation and the T186S/T190A combination in subtype B versus subtype B/C Gag-protease backgrounds motivated further confirmation in a subtype C backbone. Therefore, subtype C SK-254 Gag was introduced into MJ4, a subtype C infectious molecular clone derived from a primary isolate (24) . For these experiments, virus was recovered following proviral transfection of 293T cells, and RT assays were used to assess the replication capacity of each MJ4/SK-254 mutant. Although measurement of RT activity does not directly assess cell-to-cell spread of virus (1), replication capacity results obtained using the RT assay were comparable to those obtained by flow cytometry detection of GFP-positive HIV-1-infected cells (data not shown).
Consistent with data generated in the NL4-3/SK-254 background, only virus stocks harboring the Q182S, T190A, T190I, and T186S/T190I mutations in the MJ4/SK-254 background were generated successfully. All of these mutants displayed low replication capacities (29 to 71% of wild-type levels) (Fig. 4) . The generation of virus stocks from 293T cells failed for the T186S/T190A mutant, and although low-titer virus stocks (assayed on JC53BL cells) were obtained from 293T cells for the T186S and T186S/ Q182S mutants, these stocks did not replicate in the GXR cell line used to assay replication capacity. These results further confirm the deleterious effect of the T186S mutation and suggest partial rescue of this defect by the T190I mutation but little or no rescue by the other covarying mutations tested.
Additional mutagenesis experiments in the subtype C backbone. Gag Q65H, E177D, and L343I polymorphisms were also found previously to covary with the T186S mutation (35) and could therefore potentially influence replication capacity in the presence of the T186S mutation. Therefore, these polymorphisms were also introduced into MJ4/SK-254-Gag by site-directed mutagenesis, in combination with the T186S mutation. However, the T186S/E177D and T186S/L343I mutants did not yield infectious virus stocks, and the T186S/Q65H mutant yielded low-titer virus stocks that did not replicate in the GXR cell line, indicating that these mutations do not compensate for the fitness cost of the T186S mutation (data not shown). The Gag I256V polymorphism was previously negatively correlated with the T186S mutation in our chronically infected cohort (35) . Since this polymorphism is already present in SK-254 Gag, we introduced the consensus residue 256I in combination with the T186S mutation to investigate whether this could rescue the T186S mutation-mediated defect; however, this mutant also did not replicate in the GXR cell line (data not shown).
To verify that our observations were representative of subtype C isolates in general, we introduced the T186S mutation into six additional patient-derived subtype C Gag sequences cloned into the MJ4 background. Consistent with the observations in MJ4/ SK-254, all patient-derived recombinant viruses, which were chosen to have various replication capacities (unpublished data), were rendered defective upon introduction of the T186S mutation ( Fig. 5 ). We also previously identified a nonconsensus residue, 256V, that negatively covaried with 186S (35) . Interestingly, three of the six additional patient-derived sequences tested encoded the consensus residue 256I, while three encoded the I256V polymorphism, confirming that the T186S mutation has a deleterious effect regardless of variation at codon 256.
DISCUSSION
We previously reported that the T186S mutation, associated with the protective allele HLA-B*81, is strongly linked to a lower viral replication capacity of recombinant viruses encoding Gagprotease from individuals chronically infected with HIV-1 subtype C, an observation which may have clinical relevance (35) . A previous study also identified codon 186 as a site where HLAdriven mutations revert upon transmission to an HLAmismatched host, suggesting a fitness cost for these polymorphisms (21) . However, these studies were not able to directly assess the impact of the T186S mutation on viral replication. To address this, we introduced the T186S mutation, by site-directed mutagenesis, into a laboratory-adapted strain of HIV-1 as well as into recombinant viruses expressing patient-derived subtype C Gag sequences in both subtype B and C backbones. A significant deleterious effect of the T186S mutation on HIV-1 replication was observed consistently for all sequences tested. The introduction of the T186S mutation into a range of viruses carrying patientderived subtype C sequences, with various replication capacities, resulted in replication-defective viruses, while the introduction of the T186S mutation into a laboratory-adapted subtype B strain significantly reduced replication capacity. Consistent with these data, a viral fitness cost associated with residue 186M following site-directed mutagenesis of HIV-1 subtype B center-of-tree Gag p24 in the NL4-3 backbone was recently described (29) .
The mechanisms responsible for decreased replication capacity of the T186S mutant have yet to be investigated fully. Mutations in the capsid N-terminal domain (residues 133 to 277), in which helix 3 of Gag p24 (Fig. 1) is found, generally impair virus maturation and core morphology and, consequently, virus infectivity (11, 13) . Previous studies have examined the effect of the capsid T54A mutation, equivalent to the Gag T186A mutation, on virus replication (34, 37) . Alanine scanning mutagenic analysis of the Gag capsid revealed that the Gag T186A mutation reduced the efficiency of capsid formation (34) , and it is possible that similar mechanisms could apply to the T186S mutation. Further work suggested that defective virus replication of the T186A mutant was mediated at least in part by an altered cyclophilin A (CypA)-capsid interaction, reduced stability of capsid formation, and reduced reverse transcription (37) . Interestingly, the T186A mutation was rare in our chronic HIV-1 subtype C-infected cohort, occurring in only 1 of 406 sequences (35) . With the exception of this sequence, the nonconsensus residue at codon 186 was always S.
Using patient-derived subtype C Gag-protease sequences, we previously observed that Gag-protease recombinant viruses harboring the T186S mutation in the presence of other covarying HLA-B*81-associated mutations, i.e., Q182S and T190X, replicated better than those with the T186S mutation alone, suggesting that the Q182S and T190X mutations may compensate for the fitness cost of the T186S mutation (35) . In the present study, sitedirected mutagenesis experiments with all virus backbones tested indicated that the Q182S mutation did not compensate for the T186S mutation-mediated defect. However, polymorphisms at Gag codon 190, most consistently T190I, partially restored the fitness of the T186S mutant, to different degrees, in the various backbones tested. When the T186S mutation was engineered alongside either the T190I or T190A mutation into the subtype B NL4-3 strain, the double mutant replicated slightly better than the T186S single mutant, and this was more pronounced for the T186S/T190A double mutant. For the patient-derived subtype C SK-254 Gag sequence in both subtype B and C backbones, the T186S single mutant failed to replicate but was rendered replication competent (yet not to wild-type levels) in the presence of the T190I mutation only, indicating partial compensation by the T190I mutation, not the T190A mutation, in subtype C. In support of a modest compensatory role for codon 190 variants but not for the Q182S mutation, in our HIV-1 subtype C-infected cohort (35) , mutations at codon 190 occurred more frequently in conjunction with the T186S mutation (in 13 of 18 cases) than without the T186S mutation, while the Q182S mutation occurred less frequently in conjunction with the T186S mutation (in 7 of 21 cases) than without the T186S mutation (Fisher's exact test; P ϭ 0.02). Furthermore, in HLA-B*81-expressing individuals lacking the T186S mutation, polymorphisms at codon 190 were rarely present (2 of 25 cases), while polymorphisms at residue 182 were common (13 of 25 cases) (Fisher's exact test; P ϭ 0.002). Forty-six percent of the patient-derived sequences harboring the T186S mutation also harbored a mutation at position 190.
Besides the HLA-B*81-associated Q182S and T190A/I mutations, other residues that covaried with the T186S mutation in patient-derived subtype C Gag sequences-65H, 177D, 343I, and 256I-were tested in the subtype C backbone for potential compensatory effects, but each failed to rescue the T186S mutationmediated replication defect. Interestingly, Rolland et al. found that the E177D mutation further decreased the replication capacity of a subtype B virus backbone encoding the T186M mutation (29) . The observation that all Gag residues significantly covarying with the T186S mutation in natural subtype C Gag sequences either failed to rescue the T186S mutation-mediated defect in the subtype C backbone or, in the case of the T190I mutation, allowed replication but not to wild-type levels, suggests that the T186S mutation is complex to compensate and that compensation may be suboptimal in general. This is in contrast to the HLA-B*57/ 5801-associated T242N mutation, which when engineered alone into the HIV-1 subtype C consensus capsid cloned into the subtype C MJ4 strain modestly reduced replication in primary cells and was rescued to wild-type levels by the single compensatory H219Q mutation (3) . Consistent with the significant deleterious effect of the T186S mutation and potential suboptimal compensation for this defect, Huang et al. demonstrated evidence for in vivo reversion of the T186S mutation during advanced immunodeficiency (16) , while the T242N mutation tended to be preserved during advanced disease, likely due to the accumulation of compensatory mutations throughout the infection course (10) .
In our previous study of Gag-protease recombinant viruses, some patient-derived sequences harboring the T186S mutation demonstrated average or high viral replication capacities (35) , suggesting that the T186S mutation was effectively compensated in at least some cases. In fact, one patient-derived subtype C sequence harboring the T186S mutation lacked all of the specific residues covarying with the T186S mutation tested here, even though the corresponding recombinant virus displayed an average replication phenotype (35) . While we cannot exclude the possibility that complex and/or unique patterns of covarying mutations may be able to effectively compensate for the T186S mutation, no other reproducible patterns of covariation with the T186S mutation have been observed in the natural sequences examined (35) . Since the T186S mutation was particularly deleterious in several subtype C Gag sequences, it is likely that contextappropriate sequence changes may need to arise prior to its selection, potentially delaying its emergence in vivo.
Interestingly, although HLA-B*81 expression and carriage of the Gag T186S mutation were strongly associated with a reduced replication capacity in our chronically infected cohort overall, the replication capacities of Gag-protease recombinant viruses derived from HLA-B*81-expressing individuals with or without the T186S mutation were comparable (and both below average) (35) . This suggests that other mutations selected by HLA-B*81 may also contribute to replication defects associated with this allele. In fact, mutation away from the consensus at the HLA-B*81-associated codon 182 was linked significantly to a lower replication capacity of viruses encoding patient-derived sequences (35) , although this was not as pronounced as for codon 186. We also found that the Q182S mutation in SK-254 Gag significantly decreased viral replication capacity in the present study. Therefore, codon 182 polymorphisms may contribute to a lower fitness of viruses in HLA-B*81-expressing individuals, although not as markedly as for the T186S mutation. Note that in the present study, polymorphisms at codon 190 alone also decreased replication capacity, but these were rarely observed in the absence of the T186S mutation in natural subtype C sequences from HLA-B*81expressing chronically infected individuals. Deleterious effects of compensatory mutations upon in vitro experimental reversion of escape mutations have been observed by others in bacteriophages (27) and HIV-1 (25) .
The fitness defect associated with the development of the T186S mutation may partly explain the lower viral loads observed in HIV-1-infected HLA-B*81-expressing individuals. Previous studies have suggested that a balance exists between immunedriven fitness costs and effective CD8 ϩ T cell responses in influencing clinical outcomes (9, 17, 36) . It was recently reported that mutation of the consensus residue 186T was associated with lower viral loads in a large sample of HIV-1 subtype C-infected individuals (which included a subset [n ϭ 129] of our chronically infected cohort [35] ), not taking HLA expression into account, which is consistent with the fitness cost of residue 186S demonstrated here (29) . However, although the average viral load corresponding to sequences with the T186S mutation was lower in our previous study of chronic HIV-1 infection, this was not statistically significant (35) ; in fact, there was a trend toward higher viral loads in HLA-B*81-expressing individuals harboring the T186S mutation. It is also worth noting that increasing numbers of public T cell clonotypes for simian immunodeficiency virus (SIV) CM9 (residues 181 to 189), which is in close proximity to TL9 in HIV, were associated with lower viral set points in rhesus macaques (28) ; however, the development of an escape mutation in CM9 with severe viral fitness costs resulted in clinical disease progression in one animal (26) . These studies imply that the development of the T186S mutation decreases the effectiveness of CD8 ϩ T cell responses to TL9 that would otherwise control viremia in HLA-B*81-expressing individuals. Indeed, Geldmacher et al. showed reduced gamma interferon (IFN-␥) production in response to the TL9 T186S variant in HLA-B*81-expressing subjects harboring viruses with this mutation (14) . It has also been shown that other escape mutations with significant fitness costs, namely, the A163G (9) and R264K (15, 31) mutations, may precede an increase in viral load in individuals who express the associated HLA allele due to decreased effectiveness of CD8 ϩ T cell responses to the mutated epitopes. Therefore, we hypothesize that the clinical benefit in HLA-B*81-expressing individuals could derive partly from a potential delay in TL9 escape, and therefore preservation of an effective CD8 ϩ T cell response, due to the combination of the T186S mutation-mediated fitness defect and the complexity in compensating for this defect, as suggested by our data. Consequently, TL9 may be a good candidate epitope to include together with other conserved epitopes in an HIV-1 vaccine aiming to constrain immune escape and/or reduce viral fitness in the event of partial escape (8, 30) . Another possible contributing factor to the lower viral loads in HLA-B*81-expressing individuals could be a viral replication disadvantage incurred by HLA-B*81-driven mutations other than the T186S mutation.
In conclusion, the data presented here clearly and consistently demonstrate that the HLA-B*81-associated T186S mutation has a significant deleterious effect on HIV-1 replication capacity, particularly in HIV-1 subtype C sequences. No compensatory mutations capable of fully rescuing this defect were identified, although muta-tions at codon 190 (the T190I mutation in particular) may compensate partially for this fitness cost. The impact of the T186S mutation, combined with suboptimal or complex pathways of compensation, may contribute to the clinical benefit of HLA-B*81.
